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ABSTRACT
We report the first detection of a substantial brightening event in an isotopologue of a key molecular
ion, HCO+, within a protoplanetary disk of a T Tauri star. The H13CO+ J = 3−2 rotational transition
was observed three times toward IM Lup between July 2014 and May 2015 with the Atacama Large
Millimeter Array. The first two observations show similar spectrally integrated line and continuum
fluxes, while the third observation shows a doubling in the disk integrated J = 3−2 line flux compared
to the continuum, which does not change between the three epochs. We explore models of an X-ray
active star irradiating the disk via stellar flares, and find that the optically thin H13CO+ emission
variation can potentially be explained via X-ray driven chemistry temporarily enhancing the HCO+
abundance in the upper layers of the disk atmosphere during large or prolonged flaring events. If the
HCO+ enhancement is indeed caused by a X-ray flare, future observations should be able to spatially
resolve these events and potentially enable us to watch the chemical aftermath of the high-energy
stellar radiation propagating across the face of protoplanetary disks, providing a new pathway to
explore ionization physics and chemistry, including electron density, in disks.
Keywords: accretion, accretion disks — astrochemistry — stars: pre-main sequence — stars: individual
(IM Lup) — X-rays: stars
1. INTRODUCTION
The gas-phase abundances of key molecular ions, in-
cluding HCO+, N2H
+, DCO+, and H2D
+, are sensitive
to high energy (keV – GeV) processes in the dense inter-
stellar medium (e.g., Caselli et al. 1998; Williams et al.
1998; Caselli et al. 2002; Dalgarno 2006). In protoplane-
tary disks, abundances of such molecular ions, especially
HCO+ (Cleeves et al. 2014), are strongly influenced by
X-rays from their host star (Glassgold et al. 2012).
The X-ray emission from young stars is thought to orig-
inate from a combination of magnetic/coronal activity
and/or accretion with plasma temperatures between a
few MK to many tens of MK (e.g., Feigelson & Mont-
merle 1999; Kastner et al. 2002; Preibisch & Feigelson
2005; Preibisch et al. 2005). Typical source luminosities
are substantial, ranging between LX ∼ 1029 − 1031 erg
s−1, and are often time variable (Feigelson & Montmerle
1999). Variability can occur both on long (>> years)
and short (hours – days) time scales. Longer term, grad-
ual variability is attributed to the global evolution of
the stellar magnetic field topology and/or disk accretion
properties (e.g., Feigelson & Montmerle 1999; Preibisch
& Feigelson 2005; Stelzer 2015). Shorter term variabil-
ity is associated with magnetic reconnection events in
the corona, similar to solar X-ray flares but with greater
magnitude and frequency (e.g., Feigelson et al. 2007).
Such events can result in luminosity changes up to two
orders of magnitude within a matter of hours.
Given the sensitivity of molecular ions to energetic pro-
cesses, it has been an open question whether the bulk
chemistry of the disk responds to stellar X-ray variabil-
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ity (Ilgner & Nelson 2006; Cleeves et al. 2015). In this
Letter, we present new multi-epoch Swift X-ray obser-
vations and ALMA observations of an optically thin iso-
topologue of HCO+ toward the young solar-mass star, IM
Lup. The ALMA observations reveal the first evidence
of significant short-term chemical variability in the bulk
molecular disk in an X-ray sensitive molecule. To ex-
plore one possible explanation for this newly discovered
variability, we carry out simple models of time evolving
X-ray irradiation of circumstellar disk material to specify
the kinds of energetic events that may be responsible for
the observed chemical behavior.
2. OBSERVATIONS
2.1. ALMA Observations
Observations of IM Lup in H13CO+ J = 3 − 2 were
carried out with ALMA as part of two separate pro-
grams, project codes ADS/JAO.ALMA#2013.1.00226
(PI: O¨berg) and ADS/JAO.ALMA#2013.00694 (PI:
Cleeves). The 2013.1.00226 data were taken on 17 July
2014 with 32 antennas; the analysis was previously re-
ported by O¨berg et al. (2015), and will not be repeated
here. The 2013.00694 observations were taken on 29 Jan-
uary 2015 (40 antennas) and 13 May 2015 (36 antennas).
The time spent on source was 21, 17, and 34 minutes for
the 17 July 2014, 29 January 2015, and 13 May 2015 ob-
servations, respectively. The latter two observations were
processed by the ALMA/NAASC staff; the quasar J1517-
2422 was used to calibrate the bandpass, J1610-3958 was
used to calibrate the phases, and Titan set the amplitude
scale. The 2013.1.00226 data were self calibrated as de-
scribed in O¨berg et al. (2015) and the 2013.00694 data
were both self-calibrated with three rounds of phase cal-
ibration on the disk continuum emission. The observing
parameters are presented in Table 1.
As the H13CO+ J = 3− 2 observations were taken at
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Table 1
H13CO+ J = 3− 2 Observations
Date Min Baseline Max Baseline Disk-Integrated Disk-Integrated
H13CO+ J = 3− 2 1.15 mm Continuum
07/17/2014 20.1 m 650.3 m 0.466± 0.032 Jy km s−1 0.286± 0.003 Jy
01/29/2015 15.1 m 348.5 m 0.590± 0.020 Jy km s−1 0.308± 0.001 Jy
05/13/2015 21.4 m 558.2 m 1.254± 0.019 Jy km s−1 0.307± 0.001 Jy
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Figure 1. a-c) 1.15 mm continuum (left) and velocity integrated line intensity of H13CO+ J = 3 − 2 (right) in the image plane for the
three dated observations. Line and continuum images are restored to the same 1.′′4 beam. The continuum contours (overlaid in white)
are 50, 100, and 150 mJy. The line contours are shown for the red (4.9 − 7.1 km s−1) and blue (1.8 − 4.0 km s−1) shifted emission. Line
contours start at 40 mJy per beam km s−1 and increase by 40 mJy per beam km s−1 intervals. d) Disk-integrated, continuum-subtracted
spectra of H13CO+ J = 3 − 2. e-f) Real visibilities for the 1.15mm continuum (top) and line integrated over the central 16 channels,
2.4− 6.6 km s−1 (bottom).
different times from different programs, the UV coverage
and spectral configuration have slight differences. We
channel-averaged the 17 July 2014 observations (61.035
kHz / 0.07 km s−1) to match the spectral resolution of
the latter two datasets, 244.141 kHz or 0.28 km s−1 with
the CASA task cvel. To correct for the beam differences,
we imaged the data with clean using a UV taper and
natural weighting to produce a circular 1.′′4 beam.
Disk-integrated spectra were extracted from the image
cube with the same mask used in clean, which traces the
gas motion. The RMS uncertainty on the integrated flux
was estimated with the same mask applied to line-free
frequencies. The disk-integrated continuum was calcu-
lated in the same spectral window containing H13CO+
J = 3 − 2 within an elliptical annulus. The RMS un-
certainty on the continuum was estimated with the same
annulus off source. The line and continuum fluxes and
RMS uncertainties are reported in Table 1.
The integrated line and continuum fluxes are consistent
between the 17 July 2014 and 29 January 2015 observa-
tions. The third observation, 13 May 2015, displays a
jump in integrated line flux for H13CO+ J = 3− 2 while
the continuum remains constant compared to earlier ob-
servations. Figure 1 presents images, spatially integrated
spectra, and spectrally integrated line and continuum
visibilities. The change in H13CO+ J = 3 − 2 is visi-
ble not only in the data products but also directly in the
visibilities before and after continuum subtraction.
To ensure the variability is robust, we ran a number
of checks on the data, examining the individual scans
and the calibrators’ phase and amplitude. Flux calibra-
tion should also not be an issue as we are comparing the
line-to-continuum ratio. We also investigated the effects
of different UV coverages. From the data, we created
a “model” H13CO+ J = 3 − 2 cube and a continuum
image that is smoothed and clipped of noise. We sam-
pled the model with the same spatial frequencies of the
ALMA observations using vis sample4. This test allows
us to estimate the effect of spatial filtering for a model of
known flux. The 17 July 2014 data are the most sparsely
sampled at short baselines, retrieving a ∼ 10% lower line
and continuum flux compared to the 29 January 2015
and 13 May 2015 configurations, which retrieve essen-
tially identical fluxes to within 0.1%. Given the differ-
ence in short spacings, we repeat the test with only UV
distances of ≥ 35kλ, i.e., where all observations are well-
sampled. The 17 July 2014 observations still return lower
fluxes but at a reduced level, 6% and 9% fainter in the
line and continuum, respectively.
4 https://github.com/AstroChem/vis_sample.
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This systematic effect introduced by the UV coverage
is larger than the RMS uncertainty (Table 1), and so
we have chosen to present the line-to-continuum ratios
in two ways. First, we compare the ratio measured for
all three dates including both RMS and systematic (UV
sampling) uncertainties for spatial frequencies > 35kλ.
Second, we compare just the 29 January 2015 and 13
May 2015 observations with similar UV coverage, whose
uncertainty is RMS noise dominated.
2.2. Swift XRT and UVOT Observations
A series of Swift (Gehrels et al. 2004) X-ray and FUV
observations of IM Lup were obtained through University
of Michigan’s Swift allocation and augmented by Target
of Opportunity observations. Monitoring was carried out
during 27 July 2014 - 28 August 2013, 14 January 2015 - 4
February 2015, and 2 August 2015 - 8 August 2016. The
observations accumulated a total of 32.9 ks of XRT data
in Photon Counting mode and 11.4 ks of UVOT in the
UVM2 filter. The X-ray spectra were extracted using the
online UK Swift Science Data Centre pipeline5 (Evans
et al. 2009). The photometric UVOT measurements were
extracted using HEASoft with the uvotsource routine to
compute the flux at 2246 A˚ (the UVM2 filter).
The X-ray spectra were modeled with HEASoft as-
suming Grevesse & Sauval (1998) abundances and three
plasma components identified in Gu¨nther et al. (2010) at
0.3, 0.6 and 2.1 keV. In fitting the Swift data, we fixed
the temperatures of these three components and allow
their normalizations and absorption column densities to
vary. We fit both the individual 2 − 3 kilosecond obser-
vations for time monitoring and aggregate observations
to obtain a high signal to noise spectrum. The aggregate
Swift spectrum and folded model are shown in Figure 2,
where the three components have emission measures of
7.3× 1052, 2.3× 1052, and 27× 1052 cm−3, respectively.
For the individual Swift observations, we integrate the
model X-ray spectra from 1 to 10 keV to obtain the to-
tal luminosity per observation assuming a distance of
d = 161 pc (Gaia Collaboration et al. 2016). We do
not remove the absorption component in calculating the
X-ray luminosity because it is likely associated with the
source itself (Gu¨nther et al. 2010). The Swift observed
X-ray luminosity varied between LX = (9.2± 1.8)× 1029
erg s−1 up to LX = (4.5± 0.9)× 1030 erg s−1.
2.3. Observed Features
The normalized ALMA line-to-continuum ratios and
Swift X-ray luminosities versus time are plotted in Fig-
ure 3. The most striking feature in the ALMA data is
the H13CO+ J = 3 − 2 enhancement with no change
to the continuum in the spectral window containing the
line shown in Figure 1. The continuum traces the mid-
plane temperature and bulk dust properties, suggesting
that there was no associated change in the disk physi-
cal structure (bulk density, temperature) during the pe-
riod of elevated H13CO+ J = 3 − 2 flux. Based upon
additional observations of HC18O+ J = 3− 2 to be pre-
sented in a follow-up analysis, we find the H13CO+ line is
consistent with being optically thin and hence attribute
changes in flux to changes in the abundance. The in-
crease appears uniform on both the red- and blue-shifted
5 http://www.swift.ac.uk/user_objects/
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Figure 2. Top: Swift spectrum of IM Lup including all epochs
with the best fit folded model overlaid in solid black. Bot-
tom: model spectrum at full resolution (black) and smoothed
(red), where the latter is used as the input source spectrum pre-
propagation through the disk.
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Figure 3. Normalized time evolution for IM Lup’s X-ray, UV,
and the H13CO+ line-to-continuum ratio. X-ray luminosity pro-
vided relative to LX = 9.2 × 1029 erg s−1 (purple points). Each
X-ray point corresponds to the luminosity derived from a fit to
the Swift spectrum for each of the individual 2 − 3 kilosecond in-
tegrations. Broadband UV luminosity in the UVM2 filter nor-
malized to 1.49 mJy shown as yellow stars. Disk-integrated and
spectrally-integrated H13CO+ line-to-continuum ratio shown by
red/pink vertical bars, see Section 2.1.
sides of the disk. Between the latter two epochs the line-
to-continuum ratio increased by a factor of 2.1, or 28σ.
Regarding IM Lup’s X-ray emission, earlier observa-
tions reported in Gu¨nther et al. (2010) found minimal
change (less than a factor of two) between four observa-
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tions taken between 2005 – 2009. The Swift data (Fig-
ure 3) show the star has gone through more active peri-
ods, especially near MJD 2456860, consistent with typi-
cal behavior of X-ray active T Tauri stars. We note that
the X-ray flux measurements are likely affected by multi-
ple flares. The X-ray luminosity remained elevated dur-
ing the other observations. It is important to emphasize
that the stellar variability is not easily predictable and
occurs over short timescales, and as a result we do not
have much direct information about the 200 day stretch
between the two Swift campaigns that bookend the el-
evated H13CO+ J = 3 − 2 observation. However, the
X-ray observations do point to an active, time-variable,
and X-ray bright young star with increases in X-ray lu-
minosity of at least a factor of five and likely higher if we
did not catch each flare at peak luminosity.
3. X-RAY FLARE CHEMICAL MODELS
Based upon the confirmed presence of X-ray variabil-
ity and the known sensitivity of HCO+ to the magni-
tude of X-ray irradiation (Cleeves et al. 2014), we have
constructed chemical models with time-dependent X-ray
ionization to investigate the impact of flares on the time
evolution of HCO+ as a possible explanation for the vari-
able H13CO+. The key reaction governing HCO+ forma-
tion in the disk atmosphere is
H+3 + CO→ HCO+ + H2, (1)
where H+3 is produced by X-ray ionization of H2 in the
surface layers of the disk. The subsequent destruction is
primarily dissociative recombination with electrons and
charged grains, e.g.,
HCO+ + e− → H + CO, (2)
where the electrons originate from UV photo-ionization
of atomic carbon, so are not strongly impacted by the
changing X-ray flux directly.
To model the full time evolving physical and chemical
conditions, we use a simplified version of the Fogel et al.
(2011) chemical code designed to model point locations
within the disk. The reaction network includes 5956 re-
actions and 644 species including those above, initially
drawn from the OSU gas-phase network of Smith et al.
(2004) with simple grain surface chemistry as described
in Cleeves et al. (2014).
The input physical parameters are drawn from the
IM Lup model presented in Cleeves et al. (2016). The
present paper uses this model basis to explore particular
locations where HCO+ is expected to be abundant (nor-
malized heights above the midplane, z, of z/r of 0.4 and
0.5; Cleeves et al. 2014). For this initial exploration, we
explore the chemical evolution at three radial locations,
r = 25 AU, 50 AU, and 100 AU, at both vertical (z/r)
positions. The input model parameters include the gas
density, ρgas, gas/dust temperature Tgas and Tdust, the
vertical gas column density NH2 , the local UV flux, and
the X-ray ionization rate pre-flare ζX (see below), see
Table 2.
The baseline ζX in Table 2 is calculated assuming the
smoothed X-ray model (Figure 2) as the central X-ray
source (i.e., the star), which is propagated through the
IM Lup disk model with the Monte Carlo radiation trans-
fer code of Bethell & Bergin (2011b) using the Bethell
& Bergin (2011a) X-ray absorption cross sections. The
radiation transfer is calculated at X-ray energies of 1, 2,
4, 6, 8, 11, 15, and 20 keV, to capture the changing spec-
tral shape as a function of position in the disk. The local
X-ray spectrum is extracted at each of the six points in
Table 2, with which the ionization rate ζX is computed
assuming the H2 and helium cross sections of Yan et al.
(1998) and integrated over photon energy, including sec-
ondary ionizations.
We allow the incident X-ray flux to vary in time using
a rapid exponential rise followed by a slower exponential
decay. The e-folding timescale for T Tauri star rise/decay
phases span a wide range (e.g., Imanishi et al. 2003; Fa-
vata et al. 2005; Getman et al. 2008), where rise times
(tr) are typically rapid, ∼ hours, while the time for de-
cay (td) can last a few hours or even days. The primary
challenge is that these calculations require ∼ 30 minute
resolution to capture the effect of individual flares, but
must also cover astrophysically relevant timescales. To
address this issue, the chemistry is first evolved forward
for 0.5 Myr with a non-variable X-ray flux to reach “typ-
ical” bulk disk chemical abundances. We confirm the
model has reached steady state by examining no further
chemical evolution in HCO+ from 0.5 to 1 Myr. We then
“switch on” X-ray flares and compute the chemistry at
30 minute intervals over a two-month period.
The flaring behavior is applied in the code by directly
increasing the local ionization rate of H2 and helium. For
these initial simple models, we do not consider changes
in the X-ray spectral shape (i.e., hardening). While the
ionization cross section is similar for both soft and hard
X-rays, hard X-rays have an advantage in that they are
able to penetrate further into the disk. Thus a hardened
spectrum can ionize denser material, perhaps requiring
a less energetic flare to achieve the same increase in col-
umn density of HCO+. We do not have constraints on
the shape of IM Lup’s X-ray spectrum during the ALMA
event, and so we do not attempt to model these effects,
but will explore the predicted behavior including hard-
ening in a follow-up paper.
Given the magnitude of the change in H13CO+, we fo-
cus on the effects of strong flares, where the steady state
ion abundance typically is proportional to the square root
of the X-ray ionization rate. We consider three types of
flares as possible explanations for the observed variabil-
ity: 1) a 35× change in X-ray luminosity with tr = 3
hours and td = 5 hours and a net energy release of
Eflare = 9.3× 1035 ergs; 2) a 80× flare with tr = 1 hours
and td = 3 hours and Eflare = 1.1 × 1036 ergs, and 3)
a 10× flare with tr = 10 hours and td = 30 hours and
Eflare = 1.3× 1036 ergs.
4. MODEL RESULTS
Figure 4 presents the HCO+ abundance versus time for
different X-ray models. We find that the H+3 abundances
respond almost instantaneously to X-ray flares, followed
by HCO+. We expect H13CO+ and HCO+ to have simi-
lar time evolution, based upon the proportionality of the
doubling timescale to the HCO+/CO abundance ratio:
tdouble =
χ(HCO+)
κnHχ(CO)χ(H
+
3 )
, (3)
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Table 2
Chemical Model Parameters
r z/r ρgas Tgas Tdust Vertical NH2 UV Flux Quiescent ζX Quiescent χ(HCO
+)
(AU) (g cm−3) (K) (K) (cm−2) (phot cm−2 s−1) (s−1 H2−1) at 0.5 Myr (per total H)
25 0.4 3.9× 10−16 113 95 1.1× 1022 2.3× 1011 4.1× 10−14 3.5× 10−9
25 0.5 1.6× 10−17 228 97 2.6× 1020 4.9× 1011 2.0× 10−13 2.3× 10−9
50 0.4 1.8× 10−16 87 77 5.1× 1021 1.4× 1010 2.3× 10−15 1.9× 10−9
50 0.5 1.2× 10−17 125 78 1.3× 1020 1.1× 1011 4.7× 10−14 2.0× 10−9
100 0.4 9.1× 10−17 62 59 7.3× 1021 1.9× 1009 3.1× 10−16 1.0× 10−9
100 0.5 9.7× 10−18 76 61 1.8× 1020 2.4× 1010 8.8× 10−15 1.5× 10−9
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Figure 4. Time evolution of X-rays (top panels, grey) and HCO+ (bottom panels, color) for three types of flares at different radial
locations. Colors indicate the vertical location as labeled at the top.
where χ indicates the abundance of the particular species
relative to total H number density, nH, and κ is the rate
coefficient for the H+3 + CO → HCO+ + H2 reaction.
As long as there is no strong fractionation difference be-
tween CO and HCO+, both HCO+ and H13CO+ evolve
similarly in magnitude and time.
For the R = 50 and 100 AU models, z/r = 0.5 has
the strongest response to flares (and also the highest
bulk HCO+ abundance), but the high electron fraction
in this layer limits the effect’s duration (∼10 days). At
z/r = 0.4, X-rays are two orders of magnitude more at-
tenuated (hence a reduced HCO+ response) but the lower
electron density allows the effect to persist longer, lasting
more than a month. For the r = 25 AU locations, the
HCO+ abundance increases substantially in response to
the flare due to the overall higher ionization rates present;
however, the z/r = 0.5 position has a weaker response
than z/r = 0.4 because it is damped by the especially
high electron abundance (χe = 10
−6 per H) at this posi-
tion.
For all flare types, the timescale for HCO+ decay in-
creases with distance from the star due to the decreasing
electron volume density (and hence longer recombination
times). Thus by measuring the timescale of HCO+ dis-
appearance post-flare we can estimate the local electron
density. We can relate the decay timescale of HCO+ to
the electron density using Eq. (1) and (2):
dnHCO+
dt
= κnCOnH+3
− αnenHCO+ , (4)
where κ is the rate coefficient for the reaction in
Eq. (1), α is the recombination rate, α = 2.8 ×
10−7(Tgas/300 K)−0.69 cm3 s−1 (Amano 1990), and n
are the number densities of the respective species. Dur-
ing the post flare decay, the destruction term dominates
the formation and so Eq. (4) has a simple solution:
nHCO+ = nHCO+(peak) e
−t/αne , (5)
such that the time for post-flare HCO+ abundance to
halve is
thalf = − ln (1/2)
αne
. (6)
6 Cleeves et al.
Thus by measuring thalf , ne can be estimated. For ex-
ample, the model at r = 50 AU, z/r = 0.5 reaches half
peak HCO+ abundance at ∼ 5 days. With Eq. (6) and
assuming Tgas = 100 K, ne is estimated to be ∼ 2.7 cm−3
from these equations, where the value from the detailed
chemical model is 3.3 cm−3. In practice, lack of tempera-
ture information introduces a factor of a few uncertainty
in the derived ne.
5. DISCUSSION
We report the detection of significant variability in the
H13CO+ J = 3−2 line emission in the IM Lup disk rela-
tive to the dust continuum, which remains unchanged
within the uncertainty. Our models demonstrate one
possible explanation for the observed behavior is en-
hanced ion chemistry during an X-ray flare. Impulsive
strong flares (35× or 80× LX) or weaker (10× LX) but
long-duration flares are sufficient to explain the increase
in H13CO+ J = 3 − 2, where the net change is related
to the enhancement of H+3 from X-rays and the length of
time the reaction can proceed (see Eq. 4). A closely clus-
tered series of short 10×LX flares can also mimic a long
duration event and reproduce the observed enhancement.
While the present observations provide the first ro-
bust evidence of submillimeter variability, earlier work
of Thi et al. (2004) noted that observations reported in
van Zadelhoff et al. (2001) measured HCO+ J = 4 − 3
fluxes toward TW Hya in 1999 that were a factor of three
fainter compared to earlier line fluxes reported in Kast-
ner et al. (1997) from 1995 – 1996, and Thi et al. (2004)’s
own later measurements in 2004. During this same time
frame, measurements of the neutral species CO, HCN,
and CN at different epochs had fluxes in agreement. The
authors suggest two possibilities: 1) there may be a sys-
tematic issue with the unresolved data or 2) the variabil-
ity is robust. Our data indicates that the latter is indeed
a viable interpretation.
Indirect evidence of flare-driven chemistry was also
found via models of ionization chemistry in TW Hya,
where HCO+ was better fit with a hardened (i.e., flar-
ing) X-ray spectrum compared to TW Hya’s “quiescent”
X-ray spectrum (Cleeves et al. 2015). Essentially the
HCO+ abundance was in an elevated state where the
timescales between flares were shorter than the time to
dissociatively recombine and remove HCO+. We exam-
ined the effect of frequent, factor of two increases in X-
ray luminosity every two days and find that indeed the
HCO+ abundance can stay in a constant ∼ 10% elevated
state compared to a non-flaring model.
These types of observations open a new window into
our understanding of disk ionization chemistry, which is
more dynamic than previously assumed. In the future,
time-resolved simultaneous X-ray and submillimeter ob-
servations during an X-ray flare may prove a useful new
tool to understand disk physics. With spatially resolved
H13CO+ imaging, we may be able to watch the propaga-
tion of a stellar flare across the face of a disk where the
light crossing time over 100 AU scales is ∼ 14 hours. For
flares occurring near the poles, the emission would shine
outward symmetrically in azimuth over the entire disk.
For flares originating at lower stellar latitudes (away from
the poles), the flare may illuminate only a fraction of the
disk azimuthal area.
Following the initial propagation of the flare, the
H13CO+ signature should fade over week to month-long
timescales, depending on the local electron density. Thus
this technique provides a new method to estimate the
disk’s spatial ionization fraction. This parameter is key
in our understanding of disk accretion physics, thermal
structure, and disk chemistry. One would need only
slightly deeper ALMA observations (∼ 1 hour) to pro-
duced resolved images, repeated over the duration of the
light travel time (∼ 1 day total), to follow the immedi-
ate propagation of X-ray “echoes” across the surface of
the disk. During the decay phase, the H13CO+ could
be imaged every ∼ 1 − 3 days to directly measure the
timescale for recombination with electrons. Such obser-
vations are readily within our current technical capabil-
ities, and could be complimented with simultaneous ob-
servations of additional molecules to explore the extent
of variable ionization chemistry in disks.
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